Vehicle taxation based on CO2 emissions is increasingly being adopted worldwide in order to shift consumer purchases to low-carbon cars, yet little is known about the effectiveness and overall economic impact of these schemes. We focus on feebate schemes, which impose a fee on high-carbon vehicles and give a rebate to purchasers of low-carbon automobiles. e estimate a discrete choice model of demand for automobiles in Germany and simulate the impact of alternative feebate schemes on emissions, consumer welfare, public revenues and firm profits. The analysis shows that a well-designed scheme can lead to emission reductions without reducing overall welfare. 
Introduction
Transportation is globally the largest final energy consuming sector. It is responsible for about 19% of worldwide energy consumption and 23% of energy-related CO 2 emissions, and these shares are projected to increase in the future. In the absence of serious technological progress and policies to enable the adoption of low-carbon technologies, the sector's carbon emissions are expected to rise by 50% in 2030 and over 80% in 2050, with almost all of this growth coming from non-OECD countries (International Energy Agency, 2009 ). This comes in sharp contrast to greenhouse gas mitigation achievements in other energy end-use sectors in which energy efficiency improvements and substitution with low-carbon fuels is less costly. However, even with substantial greenhouse gas emission reductions in all other economic sectors, without deep reductions in the emissions of the transport sector it is not possible to meet the emission reduction objectives that are considered necessary in order to avoid serious climate change in the 21st century.
The most widely discussed policy instruments for limiting automobile fuel consumption and CO 2 emissions are fuel economy standards, which aim to induce technological progress in vehicle manufacturers, and fuel taxes, which intend to encourage consumers to purchase fuel efficient cars (and to limit their use). A third policy option, which is receiving increased attention in Europe and the United States, is the design of a motor vehicle taxation system that will change relative prices, inducing consumers to purchase vehicles with low CO 2 emissions. This may be a promising policy option since it involves a market-based instrument that can affect consumer behavior, in contrast to command-and-control regulations that may be economically inefficient.
Consumers may adjust their behavior more easily than auto producers, as the latter have to find a difficult (and costly) compromise between regulatory mandates for high fuel economy and consumer willingness to purchase bigger and more powerful (and hence less fuel efficient) cars.
If the tax levied per unit of carbon emitted is fixed (i.e. if the tax is a linear function of a car's carbon emissions) this equates marginal compliance costs across car models and automakers, thus leading to an efficient outcome (Anderson, Parry, Sallee, and Fischer, forthcoming) . In countries that already have automobile taxes in place, the shift to CO 2 -based taxation can be designed to be revenue-neutral by adjusting existing taxes and is therefore politically more palatable than unpopular gasoline taxes. which pay a rebate to consumers purchasing a fuel-efficient vehicle and impose a penalty on those purchasing gas-guzzlers. Despite the increased use of such schemes, there is little research regarding their appropriate design and impact at the European level.
The aim of this paper is to contribute to this debate by analyzing the environmental and economic effects from the hypothetical adoption of a feebate system in Germany. Germany is an important country to study because it is the largest European economy and its regulatory initiatives can have a wider impact across the continent. We specify a discrete-choice demand and supply model for automobiles, estimate demand using a detailed dataset of car sales, and use the results to simulate feebate policies of varying stringency. We compute the impact of the various policies on consumer welfare, profits, public revenues, and CO 2 emissions.
We specify demand with a two-level nested logit model that can produce quite rich substitution patterns between automobile models belonging to different market segments. With the aid of this model we experiment with different parameters of a potential feebate program. We introduce a linear tax for new car purchases that is positive for cars with CO 2 emissions over a given emission level (the so called pivot point) and negative for cars with emissions lower than this threshold. Then we explore trade-offs between environmental effectiveness and economic impact. Our analysis shows that it is possible to design a feebate system for new automobiles that brings about carbon emission reductions without reducing total welfare; in fact it can also increase welfare through the combined effect of improved public finances and lower environmental damage through reduced CO 2 emissions, despite a decline in consumer surplus and firms' profits. This is possible if one sets the pivot point at a level that is considerably lower than the current average CO 2 emission level of newly sold cars in a country, and ensures that the marginal tax rate is not too high, i.e. corresponds to a price of less than 100 euros per tonne of CO 2 .
Our work adds to only a handful of studies of the impact of carbon-based vehicle taxation.
Most work in the area has analyzed the US case (Fischer, 2008; Greene, Patterson, Singh, and Li, 2005) . A small number of studies for Europe that have been carried out on behalf of the European Commission, the EU's executive body, have dealt with this issue in an aggregate manner and with simple statistical/econometric methods (European Commission, 2002a,b) . Other studies have made descriptive ex-post assessments of taxation schemes impemented in specific countries, such as Rogan, Dennehy, Daly, Howley, andÓ Gallachóir (2011) for Ireland or Bastard (2010) for France. To our knowledge, ours is the first study attempting an ex-ante econometric analysis of the possible impact of CO 2 -based taxation schemes in a European country. 
Existing literature
The feebate option currently implemented nationwide in Canada and France and to some extent in other European countries 2 has been a subject of debate in North America for several years (Fischer, 2008; Greene, Patterson, Singh, and Li, 2005) . Recently, Peters, Mueller, de Haan, and Scholz (2008) have discussed issues regarding the design of a feebate system in Europe on the basis of stated preference data from consumer surveys in Switzerland. Moreover, de Haan, Mueller, and Scholz (2009) have applied an agent-based microsimulation model of car purchasing consumer behavior that attempts to account for both direct monetary effects of such a system on consumer behavior and indirect effects because of gradual changes in consumer preferences. In a very recent development, Bunch, Greene, Lipman, Martin, and Shaheen (2011) have explored the effectiveness of alternative feebate programs in California with the aid of a dynamic multiperiod optimization model that simulates automobile manufacturers' behavior and consumer response. Liu, Cooke, Greene, and Bunch (2011) have extended this assessment by evaluating the effectiveness of these programs if implemented across the whole United States.
Enviromental reforms of vehicle taxation schemes are often required to be revenue-neutral in order to make them politically viable. Depending on vehicle tax systems currently in place in each country, revenue neutrality can be achieved in two ways: -In countries with registration taxes on all new car purchases (such as numerous European countries), registration taxes can be calculated on the basis of CO 2 emissions in a way that equates total revenues of the new tax scheme to that of the previous scheme. This calculation would have to take into account the estimated shifts in market shares of car models because of the response of consumers to tax incentives.
-Countries without a registration tax (such as the United States, Japan, Canada as well as the automobile producing countries in Europe) implement a feebate system in which consumers receive a rebate when purchasing low-CO 2 cars or incur an additional fee when purchasing a high-CO 2 car. 3 If the system is properly designed, then total revenues from fees may be approximately equal to governmental payments for rebates. In general, a feebate system is almost equivalent to a fuel economy regulation with flexibility mecha-2 See the review of Bunch, Greene, Lipman, Martin, and Shaheen (2011) ; countries such as Denmark, the Netherlands and Norway have implemented some type of feebate program but have combined it with wider reforms in their car registration tax systems.
3 It is also possible to apply the feebate on the supply side, i.e. on automobile manufacturers or dealers. In theory the effect would be the same regardless of where the tax is levied, in practice however it seems that price incentives are more effective if levied at the consumer rather than the producer level (Sallee, 2010) . nisms, i.e. allowing trading of fuel economy credits across vehicle types and manufacturers (Fischer, 2008) .
In our econometric analysis we specify and estimate a discrete choice model of demand for differentiated products. We chose to use the nested multinomial logit model (NML) as in Berry (1994) and Verboven (1996) over the random coefficients model developed by Berry, Levinsohn, and Pakes (1995) (widely referred to as BLP). The random coefficients model is more flexible but also more computationally demanding. Both models have been used widely to estimate demand and market equilibrium in markets for differentiated products, and particularly automobile markets. We opted for the nested logit model because it is easier to estimate and it has been successfully used in many applications. In order to allow for a more flexible specification with more consumer heterogeneity we specified two levels of nests, as in Verboven (1996) . The random coefficients model was first used to estimate the impact of policy and environmental changes on market shares by the BLP authors in Pakes, Berry, and Levinsohn (1993) . Fershtman, Gandal, and Markovich (1999) estimated a nested logit model with a single nest and simulated the impact of tax reform in the Israel automobile market. In a related application, Vance and Mehlin (2009) examine whether tax incentives promote the purchase of more efficient vehicles in Germany. They estimate a variant of the nested logit equation that departs somewhat from the underlying utility framework. They find that vehicle operating costs (such as circulation fees and fuel taxes) enter significantly in the purchase decision.
3 The model
The choice problem
There are J products to choose from. The utility of consumer i from consuming product j can be written as
where δ j is the utility component common to all consumers (the mean utility) and µ ij is the individual-specific component. The mean utility is specified as a function of price p j , a kdimensional vector of observed attributes of product j (such as horsepower, engine size, emission levels, etc.) and an unobserved product attribute ξ j . Mean utility is typically parameterized as
The individual-specific component µ ij is assumed to follow a Type I extreme value distribution, which yields convenient logit-style purchase probabilities. In the simple multinomial logit the µ ij 's are assumed to be independent and the market share equation reduces to the
. This functional form is known to be very restrictive. It implies, for example, that all products with the same price and market share have the same own price elasticities.
The NML model relaxes the independence assumption on the µ ij 's by allowing for correlation in individuals' preferences for products that are similar, in a sense to be specified by the econometrician. This might seem arbitrary, but in practice one can often adopt already existing conventions or industry classifications. In the case of automobiles for example, different models can be classified as compact, economy, midsize, luxury, SUV, MPV, estate, and so on. It is reasonable to assume that products within each class have common characteristics that provide a certain level of utility. One could use class-specific dummy variables to capture the mean utility from each vehicle class. The NML specification provides an alternative approach that allows the level of utility derived from each group to vary across individuals. 4 Extending the idea to multiple levels of nests is straightforward (though the algebra can get tedious). Groups of products can de divided into subgroups and preferences are allowed to be correlated for products within each subgroup. Consider the two-level case. Let the J products by divided into G + 1 exhaustive and mutually exclusive groups indexed by g. Let each g = 0, 1, . . . , G be further divided into H g subgroups indexed by h g . The variance component structure of the µ ij is defined as follows:
The term ν 1 ig represents the utility consumer i derives from consuming a product in group g and ν 2 igh represents the utility from consuming a product in subgroup h of group g. The term (1 − σ 1 )ε ij represents an idiosyncratic preference of consumer i for product j. 5 From the utility framework described above one can derive the following equation to be taken 4 Essentially, the NML model is equivalent to a specification with random coefficients on group-specific dummy variables (Berry, 1994) . 5 Cardell (1997) to the data (see the appendix for details):
In the equation above, s j is the market share of product j (sales divided by M consumers); s 0 is the outside good share; ln(s j/h ) is the share of product j in subgroup h and ln(s h/g ) is the
share of all subgroup-h products in group g. McFadden (1978) (Verboven, 2002) . We therefore allow for correlation across models using the same engine type.
The supply side
Multi-product firms are assumed to choose prices in order to maximize total profits from all of their products. As in Verboven (1996) , the first order condition under the assumption of Bertrand-Nash equilibrium in prices is given by the following relationship (see appendix for details):
6
The first order condition implies that price net of VAT (v denotes the VAT rate) is equal to marginal cost (mc j ) plus a markup term. Parameters α, σ 1 and σ 2 come from the demand equation (4). The term s f /h = f s j|h denotes the share of firm f 's products within subgroup h; s f /g = f s j/g denotes the share of firm f 's products within group g; and s f = f s j represents the share of firm f 's products in the potential market.
One can proceed by estimating the demand equation (4) in isolation, or by estimating (4) and (5) jointly. 6 Joint estimation increases efficiency at the cost of imposing the assumption of Bertrand-Nash pricing. Since we have enough data, we opted for simplicity and fewer assumptions and estimated only the demand equation. Once we have the estimates of α, σ 1 and σ 2 , we plug them into equation (5) in order to recover estimates of marginal cost for each product.
In order to obtain consistent estimates of the demand equation it is necessary to address the endogeneity of prices and 'within' shares. If firms observe unobserved quality ξ j they will take it into account when they set prices. This will induce a positive correlation between price and the error term, leading to an upward bias (lower α in absolute terms) in the estimated coefficient in an OLS regression. The other endogenous variables are also positively correlated with unobserved quality and the coefficients σ 1 and σ 2 will also be biased upwards in the OLS Ford Focus or Renault Scenic. We opted for a slightly smaller degre of aggregation by splitting models into separate observations when there was substantial variation in engine size. The rule was to split models based on 200cc increments (1100-1300cc, 1300-1500cc, etc.) In addition we split models according to engine type (gasoline or diesel). 7 Hence, an observation is defined by model name, engine type and engine size (the latter in 200cc increments); for example "Ford Focus, diesel, 1.9-2.1 liters".
The sales assigned to each observation are the total sales of all model variants corresponding to the observation. Price and vehicle characteristics are from the best-selling variant. Observations with a sales volume of under 50 units in a year, or with a sales price of over e100,000 or with engine capacity over 5 liters were removed from the dataset as they can be considered to be market niches. Non-passenger cars such as pickups and large vans were also excluded. This process led to a dataset of 5,982 observations in total. Some basic variables are described in Table 1 . Each automobile model in our data is assigned to one of 24 market segments. This classification was too detailed for our purposes, so we aggregated up to seven broader segments (small, medium, large, luxury, sport, MPV, SUV). Table 2 shows the average prices, sales, engine capacity and CO 2 emissions by vehicle class and engine type. As expected, larger cars have higher CO 2 emissions on average. In general, diesel cars have lower CO 2 emissions compared to their gasoline counterparts due to the higher fuel economy of diesel engines. This automobile classification (two fuel types and seven segment classes for each fuel type) is the one we use in 7 There are other engine/fuel types (electric, CNG, LPG, E85, hydrogen, methanol) but they only make up 0.8% of observations, so we removed them from the dataset. 8 the demand estimation below. Note also that we have taken into account that the value added tax rate in Germany (variable v in equation 5) was 16% until 31 December 2006 and increased to 19% thereafter. The averages reported in Table 2 mask substantial variability in CO 2 emissions of relatively similar cars. Even within the same market segment, CO 2 emissions vary by up to a factor of two. This suggests that appropriate incentives such as vehicle taxation can induce consumers to switch to a low-CO 2 vehicle in their preferred segment without much utility loss. In the United Kingdom it has been assessed that choosing the lowest CO 2 emitters in any car market segment can make a difference of about 25% to fuel efficiency and CO 2 emissions (King, 2007) .
Estimation
Extensive experimentation with different nesting structures led us to the choice of engine type and market segment as the most appropriate classifications for our data. We estimated the model using each variable as the group variable and the other as the subgroup variable. Estimation using market segment as the group and engine type as the subgroup produced the relationship σ 1 < σ 2 , meaning that the particular nesting structure is not consistent with random-utility maximization (McFadden, 1978) . The reverse nesting structure (with engine type as the group and market segment as the subgroup) produced σ 1 > σ 2 , as required for consistency with random-utility maximization. The results presented below use this structure. Significance levels: † : 10%, * : 5%, * * : 1%. N = 5, 982. Standard errors are reported in parentheses. Time dummies are included but not reported for brevity. Country dummies are reported in Table 5 in the appendix.
OLS and IV estimates for this nesting structure are presented in Table 3 . In the same table we also present estimation results for the one-level NML with engine type as the nest. A Wald test rejects the null hypothesis σ 1 = σ 2 , meaning that the two-level NML is the better model.
The choice of instruments in this model specification was guided by the existing literature and by the appropriate tests for instrument relevance and overidentification. 8 From the set of potential instruments, we choose to use the sum of CO 2 emissions of other products sold by the same firm, the sum of frame of other products sold by the same firm, the sum of frame of other products sold by the same firm square, the number of other products in the subgroup and the number of other products outside the subgroup but within the group. The Anderson canonical correlation LM statistic -a test of the null hypothesis that the model is under-identified -was rejected.
The Sargan statistic -a test of the null hypothesis that the instruments are valid -cannot be rejected.
In comparing OLS and IV estimates for both one-level and two-level NML models, recall that the OLS estimate of the price coefficient will be biased towards zero if the endogeneity problem exists. This is because price is positively correlated with the error term, which represents unobserved quality. This is clearly the case here: the coefficient on price drops substantially when we instrument for price. Similarly, the coefficient on the other endogenous variables, the within-shares, are positively correlated with unobserved quality and they also drop once we instrument for them.
Estimates of the demand parameters α, σ 1 and σ 2 are all consistent with the restrictions of the nested logit model: α > 0 and 0 ≤ σ 2 ≤ σ 1 ≤ 1. Engine capacity, horsepower, frame, automatic transmission and climate control are important car attributes and have the expected signs. CO 2 emissions turned out to be negative and statistically significant, implying that consumers take emissions explicitly into consideration when deciding to purchase a car. On the other hand, the small coefficient (in absolute terms) indicates that emissions are less important to consumers than other car attributes. We found the same result when we replaced the CO 2 variable with a variable expressing fuel costs per kilometer. The signs on country dummies are also what might be expected (e.g. German cars are highly regarded while Chinese cars are not).
The median own price elasticity corresponding to the α, σ 1 and σ 2 coefficients from the 2-level NML IV regression is 6.001, similar to estimates from other automobile markets.
Public revenue (due to VAT receipts) from sales of the models included in our estimation 
Policy simulations
Using the estimated model parameters, we can simulate the implementation of a feebate in the German car market and assess the effects on automobile sales, prices, public revenues, firm profits, consumer welfare and sales-weighted CO 2 emissions. All results presented in this section
show the effect of taxation in the year 2008, the last year covered by our data. This provides a reasonably good indication about eventual changes in car sales in the near future (e.g. in year 2011 or 2012) 9 . A simple way to proceed is to assume that the amount of the feebate will be completely passed through to the final price. That is, the final price will change by the amount of the feebate and the producer's price will remain the same. With this assumption, all one has to do is to plug the new final prices (old price plus feebate) into the demand system to compute counterfactual shares and all other desired magnitudes.
This may provide a good first approximation but a proper analysis should take into account manufacturers' pricing responses. This requires solving for equilibrium prices in the hypothetical scenario where a feebate scheme is introduced. The supply model outlined in section 3 produces a set of pricing equations (one equation like (5) for each car model). Our counterfactual exercise involves simulating the equilibrium in year 2008, in which there were 902 car models. We therefore have a system of 902 nonlinear equations that need to be solved to produce the 902 prices. The technical details of how this was implemented are described in appendix A.3. One point worth mentioning is that the results using optimal prices are very similar to those obtained under the assumption of 100% feebate pass-through.
We assume that a feebate A j is introduced. The VAT applied in Germany remains the same as before. The feebate takes the form of a linear tax that is positive for cars with CO 2 emissions over a given emission level (the so called pivot point) and negative for cars with emissions lower than this threshold:
where CO 2 is the CO 2 emissions level of model j and PP is the pivot point. Both CO 2 and PP are expressed in grams of CO 2 per kilometer (g/km), t is the tax rate in euros per g/km and A j in euros per car of model j. It is possible to simulate programs with a nonlinear feebate function, or with different functions for the 'fee' and the 'rebate' part, as implemented in some countries so far (see e.g. Bunch, Greene, Lipman, Martin, and Shaheen (2011) ); however we simulated a linear tax only because such a system imposes equal marginal abatement costs for all manufacturers, thus leading to an economically efficient solution.
We carried out multiple simulations using different values of t and PP corresponding to feebates of varying stringency, keeping in mind that public revenues should not decrease to an unrealistically low level due to very generous rebates offered to low-carbon cars. More specifically, we conducted simulations with three different pivot points (160, 140 and 120 g/km) and four different feebate levels (t taking values of 15, 30, 45 and 60). It is important to keep in mind the correspondence between such a feebate system and an equivalent carbon tax. Assuming that a car travels 200,000 kilometers throughout its lifetime, t = 15 corresponds to a tax of 75 euros per tonne of CO 2 , while a feebate with t = 60 corresponds to a tax of 300 euros per tonne of CO 2 .
Although such values are higher than the usual value used to assess marginal CO 2 damage costs (approximately 15-30 euros per tonne CO 2 ), it is still quite lower than the implied marginal carbon tax rates of some CO 2 -based vehicle tax systems currently implemented in European countries (Braathen, forthcoming) .
We next present some results that show in detail the effects of different feebates by fuel, car segment and CO 2 emissions class, focusing on the case in which the pivot point is 140 g/km.
As will be shown in Figures 5 and 6 below, choosing such a pivot point can lead to significant environmental gains without strongly compromising other economic variables. Figure 1 shows the change in automobile prices in different fuel/vehicle segment combinations from the implementation of a lenient feebate (t = 15) and a stringent feebate (t = 60) respectively.
For simplicity we only report here segments small, medium and large, but effects are similar in the other four segments (SUV, sports, luxury and MPV) as well. In the lenient feebate case (upper part of Figure 1 ), price changes are relatively small, from -2.5% for small diesel low-carbon cars up to 4% for medium gasoline high-carbon cars. Note that these values are sales-weighted averages across specific emissions classes, which means that individual models may experience higher or lower price changes depending on each model's CO 2 emission levels.
In the stringent feebate case (lower part of Figure 1 ), average price changes range from -12% (for small gasoline cars with low carbon emissions) to 17% (for the highest emissions class of medium gasoline cars). Overall, the feebate is more favorable to most small cars and to medium-sized diesel cars as will also be shown in Figure 4 below.
Changes in total automobile sales -compared to actual sales in Germany in year 2008 -are displayed in Figure 2 for the two extreme feebate cases mentioned above. In each subgroup belonging to a specific class, cars which belong to the lowest CO 2 emission class (less than 130 g/km) gain significantly in sales. There is also a sales increase for cars belonging to the second In order to provide more insight into shifts in the automobile market induced by the feebate system, Figure 3 illustrates the simulated sales shares by emissions class, according to the four different feebate levels described above, and compares them with the actual sales shares observed in the German market in year 2008. Obviously, the more stringent the feebate the higher the fraction of low-and medium-CO 2 cars sold in the market. From 57% of actual total sales, automobiles with emission levels up to 160 g/km dominate the market in the strong feebate case, approaching 70% of total sales. Higher emitting vehicles are faced with a drop in their sales; in the strong feebate case, the share of cars emitting over 200 g/km drops to less than half, from 9.0% to 3.6%; and the share of cars emitting between 160 and 180 g/km falls from 10.6% to 7.1%.
The feebate leads to a shift towards sales of lower-carbon cars, and smaller sized cars. As Figure 4 demonstrates, the sales fraction of the 'small' segment rises from almost 25% (actual sales in 2008) to over 31% (simulated sales with a strong feebate). As was shown in Figure 2 , small gasoline cars are the main winners because they exhibit the lowest average CO 2 emission levels. Although the share of medium-sized gasoline cars falls with increasing feebate stringency, the corresponding fraction of medium-sized diesel cars rises considerably as there is a shift to this segment primarily from larger diesel cars. 'SUV', 'sports' and 'luxury'), both gasoline and diesel powered, diminishes substantially because of their higher than average CO 2 emissions. Obviously this graph describes only average changes in sales between segments, and does not display the shifts taking place within each segment, from high-carbon to low-carbon cars, which also contribute to the simulated reductions in carbon emissions.
When consumers purchase a more fuel efficient (and low-carbon) car it is possible that they drive more with it because fuel costs are cheaper (the so called rebound effect) or that they drive more with it and drive less with a second, less fuel efficient car that they own. Such an effect might partly offset the environmental benefit of a low-carbon car. However, in these calculations we have implicitly assumed that each consumer chooses the mileage to drive with a car before purchasing a specific car model, regardless of its size and the fuel it uses. Moreover, the rebound effect has been found to diminish in recent years, at least in the US (Small and Van Dender, 2007 ).
Coming to the aggregate simulation results, Figure 5 illustrates the trade-off between environmental effectiveness and three economic variables -public revenues, markups and consumer welfare respectively. pivot points and four different feebate levels mentioned above.
The higher the tax rate t, the more stringent the system for high-carbon cars and the more generous to low-carbon ones. Therefore, with higher values of t it is possible to attain higher reductions of new car CO 2 emissions through strong shifts in sales from high-carbon to lowcarbon cars. On the other hand, such a system substantially increases the price of most large and medium-sized cars, thereby reducing automobile sales in general and leading to a drop in both markups (due to lower demand) and consumer welfare (since some consumers avoid purchasing a new car at these prices). Depending on the level of the pivot point, public revenues sometimes decrease with increasing stringency of the feebate (as more rebates have to be paid to buyers of low-carbon cars whose sales increase greatly) and sometimes increase (as the tax revenues collected by high-carbon cars outweigh the rebates paid to low-carbon ones). 
CO2 emissions reduction Change in consumer welfare
Pivot point = 160 g/km Pivot point = 140 g/km Pivot point = 120 g/km If the pivot point is set at relatively high levels (e.g. 160 g/km) then the system is more lenient towards high-carbon cars (their prices do not rise very much), and at the same time it is more generous in rebates to low-carbon vehicles (as their emissions are much lower than the pivot point). This combination keeps firm markups and consumer welfare unchanged or even slightly higher than the no feebate case, but leads to a significant decline in public revenues:
high-carbon cars do not pay a high fee while low-carbon cars receive substantial amounts in rebates and therefore increase their sales. The environmental effectiveness of such a system is limited due to the effects mentioned above. Using lower pivot points may keep public revenues under control -and may even substantially increase them in the case of a low pivot point such as 120 g/km, but this comes at the detriment of firm and consumer surplus, which decline because car sales drop. These simulations illustrate that it is possible to design a feebate system (for example with a pivot point close to 140 g/km) that can be reasonably effective in terms of reducing CO 2 emissions of new cars without being particularly detrimental to other economic variables.
To construct Figure 5 , we have assumed that the environmental effect comes from both a decrease in emissions per car and a decline in the total number of new cars sold. However, in a country like Germany, with a nearly saturated car market, lower car sales do not lead to a proportional reduction in emissions because most of the new cars sold are intended to replace existing older vehicles. This means that if new sales are reduced this will largely cause a higher use of existing cars, whereby the environmental benefit is unclear (it mainly depends on the emission levels of older cars that are not replaced by new ones due to the change in the tax regime). Therefore, we show in Figure 6 an alternative indicator of environmental benefit, where the horizontal axis expresses the reduction in emissions per car, i.e. how much sales-weighted average new-car emissions per kilometer have decreased compared to the actual values of year 2008. In most cases the CO 2 effect is smaller when using the latter indicator because most scenarios examined here lead to a decline in new car sales and hence not counting this decrease as an environmental benefit reduces the total effectiveness. In practice, the environmental effect -for each tax rate and pivot point -lies probably between the two different values shown in Figures 5 and 6 respectively: some of the cars sold are not intended for replacing older ones, hence a part of the drop in automobile sales will indeed decrease total CO 2 emissions due to lower automobile ownership in the country. For example, for a pivot point of 140 g/km (the points indicated with squares in Figures 5 and 6 ), the environmental effect according to Figure   5 is 3.4% for the low tax rate and 11.2% for the high tax rate respectively, whereas it is 1.9% and 6.4% for the corresponding tax rates according to Figure 6 . Table 4 illustrate the overall economic impact of these policies by adding up all four effects (on emissions, public finances, firm markups and consumer surplus) mentioned above. Thus they display the change in total social welfare as a result of each feebate alternative. For this purpose it is necessary to express emission reductions in monetary terms, in order to reflect the increase in social welfare due to reduced environmental damage because of reduced carbon emissions in each feebate scenario. Here we assumed that a car has a lifetime of 200,000 kilometers and that its CO 2 emission level remains constant (at the initial registered level) throughout its lifetime. Reduced environmental damage comes from lower average carbon emissions per car and in some cases also from reduced new car sales. However, as explained earlier in this section, the fact that fewer cars may be sold under a feebate program than without the program does not lead to a proportional environmental benefit since many of those cars would replace older ones. Hence in order to estimate the net environmental benefit realistically it is necessary to account only for those cars which would enter the market without replacing 2010). For sensitivity analysis we also calculated total welfare changes assuming a higher SCC value equal to 30 euros/tonne.
As Figure 7 shows, a feebate can increase social welfare if the program's threshold (pivot point) is set at relatively low levels, e.g. at 120 g/km, regardless of program stringency. At moderate pivot point such as 140 g/km the effect may be marginally positive or negative for welfare. For reasons explained earlier in this section, setting the pivot point at higher levels will generate more costs than benefits; and high stringency levels (i.e. high values of t) do not make much economic sense since they imply a very high carbon tax. Assumptions regarding the social cost of carbon have a negligible effect on the whole result. This is because the overall environmental benefit is quite low because of the modest amount of carbon emissions saved per car and because the feebate applies to new cars only, thus leaving the rest of the car stock unaffected.
These welfare changes are expressed in absolute terms in Table 4 . Overall, economic impacts -depending on feebate settings and carbon values -range from -2.5 to +1.3 billion euros at 2005 prices; with a total national GDP of about 2.5 trillion 2005e (European Commission, 2010), these welfare effects range from -0.10% to +0.05% of the German GDP.
It has to be noted that, since our model is static, these calculations may not be able to capture the full long-run effects of a feebate policy because they do not take into account future changes on the supply side, i.e. the response of auto manufacturers who may proceed with investments in new technologies in order to produce more low-carbon cars in the longer term.
Notwithstanding this caveat, it is reasonable to state that a feebate program, although having a small immediate impact because it addresses only new cars sold in the market, can provide a long-term signal to both auto manufacturers and consumers and hence can induce technological progress in the auto industry. This signal will be even stronger if the system's pivot point decreases over the years, which is equivalent to an increasingly more stringent CO 2 standard and provides incentives for continuous technological improvements.
Concluding remarks
This paper has described a model of oligopolistic competition in markets with differentiated products, simulating demand and supply under alternative tax regimes in the car market. The model can be applied using detailed sets of car data that are typically available (though not freely) for OECD countries. We have shown through empirical estimations that the model is an improvement over the standard nested logit model that is widely used in the literature, thereby enabling the estimation of richer demand patterns without imposing a high computa-tional burden. The objective is to perform simulations in order to evaluate policies that could shift consumer purchases towards low-CO 2 cars and thus lead to the reduction of fuel use and CO 2 emissions. Using a detailed dataset for the period 2002-2008, we have presented results from the econometric analysis and policy simulations for the car market of Germany. We found automobile fuel cost and CO 2 emissions to be almost insignificant for consumers when they determine to purchase a new car; this lends support to the statement of Greene (2010) that consumers substantially undervalue fuel economy relative to its expected present value.
We simulated the effect from the implementation of feebates on newly purchased cars, which impose an additional fee to be paid by high-carbon vehicles and a rebate to be given to purchases of low-carbon automobiles. A linear tax was introduced in such a way that it is positive for cars with CO 2 emissions over a given emission level (the so called pivot point) and negative for cars with emissions lower than this threshold.
It turns out that, if the pivot point is set at high levels (approaching the current salesweighted new-car average CO 2 emissions in the country), then it is much more difficult to reduce CO 2 emissions even if the tax rate is very high. A high pivot point may increase car sales (and hence firm profits and consumer welfare) but leads to a significant loss of public revenues. On the other hand, a pivot point set at low levels may increase public revenues and reduce CO 2 emissions effectively at the cost of a large decline in total car sales, leading to a substantial drop of markups and welfare. It is essential for policy makers to choose wisely the pivot point and the linear tax rate in a way that they weigh precisely both costs and benefits.
Our analysis for Germany has shown that it is possible to design a feebate program for new automobiles that brings about carbon emission reductions without reducing total welfare; in fact it can also increase welfare through the combined effect of improved public finances and lower environmental damage through reduced CO 2 emissions.
This analysis has important policy implications. At a time when national governments increasingly adopt a CO 2 -based element in the calculation of their vehicle taxes, the model described in this paper constitutes a tool for the evaluation of real-world policy options. This is particularly important as current car taxation policies seem to have been designed in many cases without a sound analysis of consumer response to these policies. As a result, the effect on public revenues is often assessed by governments in a very rough manner, which may lead to significant errors. If consumer response is overestimated then a specific policy does not have the effect it was initially assumed to have; on the other hand, if consumer response is underestimated then the policy may prove to be more successful than initially thought, which in turn may lead to a significant loss of public revenues -this was indeed so in at least three cases we are aware of: the CO 2 rebate system in the Netherlands in year 2002, the French feebate system ('bonus-malus') that was launched in 2008 (Bastard, 2010 ) and a CO 2 -based car taxation scheme introduced in Ireland in 2008 (Rogan, Dennehy, Daly, Howley, andÓ Gallachóir, 2011 (1996) , the specific functional form of the share for a car j, belonging to a subgroup h of group g, is given by:
The outside good is the only member of group zero and s 0/h 0 = s h 0 /g 0 = 1. Hence,
The ratio of the two previous equations is:
We can now derive a simple analytic expression for mean utility levels that depend on the unknown values of D h and D g . Taking logs of market shares,
Next we need to find analytic expressions for D h and D g as functions of s j , s 0 , s j|h and s h|g .
It is known that s g = 
The share of j in subgroup h, s j|h , is equal to 
Substituting equations (9) and (8) into equation (7) concludes to the demand equation for nested logit with two nests as follows:
ln(s j ) − ln(s 0 ) = δ j + σ 1 ln(s j|h ) + σ 2 ln(s h|g ), where δ j = x j β − αP j + ξ j .
A.2 Public revenues, environmental effects, firm profits and welfare
Using the estimatesγ,β ,α,σ 1 andσ 2 , we can compute the share of the outside good, firm profits (from the markup term), and public revenues. Public revenues from product j are vP j 1+v , and firm profits from product j are given by the markup term in equation (5). We multiply both with sales volume (shares*M ) to obtain the sum per market and year. The environmental effect is the sum of CO 2 emissions; we multiply CO 2 emissions with sales volume and then sum them up for each market and year.
Our measure of consumer welfare is obtained by integrating over the demand system, which leads to the following expression (Trajtenberg, 1989; Verboven, 1996) :
where C is the constant of integration and can be ignored because only the change in welfare (W simul − W actual ) is of interest.
A.3 Simulation details
We need to solve a system of 902 nonlinear equations of the form (5). Matlab's built-in nonlinear equation solver failed to produce a solution. To circumvent this problem we resorted to contraction mapping techniques. Consider a slightly simplified form of equation (5) in vector form:
The vector of prices P is equal to marginal cost M C plus a markup term M U , which is itself a function of P . We know M C and the functional form M U (P ) and we are interested in the 30 unique vector P * that solves (10). Define T as the mapping:
Suppose we start from an initial vector of prices P 0 and repeatedly apply T :
Then, if T is a contraction mapping with modulus less than one (more on that below), lim n→∞ P n = P * . In other words, starting from P 0 and repeatedly applying T will converge to the unique solution P * .
We conjectured that T is indeed a contraction and applied this procedure to our problem.
The method converged to a solution in both the 1-level and the 2-level nested logit. Verifying that the convergence point is a solution to (10) is straightforward; one just has to plug it into (10) and verify that the equation holds. Showing that the solution is unique is more difficult.
Ideally one would like to establish uniqueness by showing that T is a contraction mapping with modulus less than one. A contraction mapping, or contraction, on a metric space (M, d) is a function T, with the property that there is some nonnegative real number k ∈ (0, 1) such that for all P in M , d(T (P ), T 2 (P )) ≤ kd(P, T (P )).
Unfortunately we were not able to show that T is a contraction. In order to ensure that our solution was unique we experimented with different starting points P 0 . The procedure converged to the same solution no matter where we started from, even from out-of-the-way points such as identical prices. This does not constitute formal proof that the solution is unique, yet it is hard to see what another possible solution could lie. We therefore use the solution obtained from this method to conduct the analysis in section 6.
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A.4 Additional estimates 
